Abstract: The differences in hydraulic conductivity for two geosynthetic clay liners (GCLs) containing different qualities of bentonite are evaluated based on permeation with water and chemical solutions containing 5, 10, 20, 50, 100, and 500 mM CaCl 2 . The GCL with the higher quality bentonite (GCL-HQB) is characterized by a greater content of sodium montmorillonite (86 versus 77%), a higher plasticity index (548 versus 393%), and a higher cation exchange capacity (93 versus 64 meq/ 100 g) relative to the GCL with the lower quality bentonite (GCL-LQB). The tests using CaCl 2 solutions as permeant liquids were continued until chemical equilibrium between the influent and effluent was established, resulting in test durations that ranged from less than 1 to more than 900 days. The hydraulic conductivity for GCL-HQB, k HQB , is ϳ3ϫ lower than the hydraulic conductivity for GCL-LQB, k LQB , when specimens of both GCLs are permeated with water. However, the hydraulic conductivity for GCL-HQB is always higher than that for GCL-LQB when the specimens are permeated with the CaCl 2 solutions. For example, k HQB / k LQB ranges from 2.0 to 2.6 for the tests performed using 5, 10, and 20 mM CaCl 2 solutions as the permeant liquids, whereas the k HQB / k LQB values are ϳ230, ϳ100, and ϳ40 for the tests performed using 50, 100, and 500 mM CaCl 2 solutions as the permeant liquids, respectively. Thus, the GCL with the higher quality bentonite is more susceptible to chemical attack than the GCL with the lower quality bentonite.
Introduction
The quality of a bentonite is affected by several factors, including the mineralogical composition of the bentonite (e.g., montmorillonite content), the surface area of the bentonite (e.g., particle-size distribution of the bentonite), the surface charge deficiency of the bentonite (e.g., amount and type of isomorphic substitution), and the composition of the exchange complex (e.g., amount of exchangeable Na + relative to exchangeable Ca 2+ ) (e.g., Shackelford et al. 2000; Ashmawy et al. 2002) . In general, the quality of the bentonite increases with increase in montmorillonite content, surface area (decrease in particle size), surface charge deficiency, and/or percentage of sodium ͑Na + ͒ on the exchange complex. The effect of these factors on the quality of the bentonite generally is indicated macroscopically by an increase in cation exchange capacity (CEC), an increase in plasticity, an increase in swell capacity in the presence of water, and a decrease in hydraulic conductivity based on permeation with water.
For example, isomorphic substitution in montmorillonite ͓͑OH͒ 4 Si 8 Al 4 O 20 · nH 2 O͔ typically results in replacement of a portion of the trivalent aluminum ͑Al 3+ ͒ in the aluminum octahedra with a divalent metal, such as magnesium ͑Mg 2+ ͒, resulting in a negative surface charge deficiency that must be balanced to satisfy electroneutrality by cations that are external to the crystalline structure (Mitchell 1993 0.66− ] being common. All other factors being equal, this range in surface charge deficiency for pure montmorillonite with Na + as the only exchangeable (external) cation results in a CEC that theoretically ranges from 70 to 167 meq/ 100 g, with a common value of 92 meq/ 100 g (e.g., see van Olphen 1977) . This theoretical range in CEC for pure montmorillonite is close to the typically reported measured range of 80-150 meq/ 100 g, with the difference likely resulting, in part, from impurities in natural montmorillonites (e.g., Mitchell 1993) . Thus, all other factors being equal, the greater the amount of isomorphic substitution in the montmorillonite, the higher the CEC of the bentonite containing the montmorillonite and the higher the quality of the bentonite. Similarly, for the same amount of isomorphic substitution, the greater the content of sodium montmorillonite in the bentonite, the higher the CEC and, therefore, the higher the quality of the bentonite.
For example, Haug and Boldt-Leppin (1994) reported that the hydraulic conductivity to water of a sand-bentonite mixture containing 8% by dry weight of a bentonite with a lower montmorillonite content (i.e., 76%) was ϳ400ϫ higher than the hydraulic conductivity to water of a comparable mixture containing a bentonite with a higher montmorillonite content (i.e., 95%). Also, Abichou et al. (2002) found that a mixture of glass beads and 5% by dry weight of a bentonite with a 77% montmorillonite content was able to achieve approximately the same hydraulic conductivity to water of ϳ1 ϫ 10 −8 cm/ s as a mixture of glass beads and 8% by dry weight of a bentonite but with a montmorillonite content of only 59%. Finally, Ashmawy et al. (2002) found that the hydraulic conductivity of bentonite specimens from geosynthetic clay liners (GCLs) permeated with water decreased from ϳ1 ϫ 10 −7 to ϳ 1 ϫ 10 −8 cm/ s when the montmorillonite content in the bentonite increased from 49 to 91%, respectively.
However, since bentonites are sensitive to chemical composition of the pore liquid that influences the thickness of the adsorbed layer, liquids that can cause the adsorbed layer to collapse also can cause the hydraulic conductivity to increase (Mesri and Olson 1971; Daniel et al. 1993; Gleason et al. 1997; James et al. 1997; Petrov and Rowe 1997; Petrov et al. 1997a, b; Ruhl and Daniel 1997; Daniel 2000; Kolstad 2000; Lin and Benson 2000; Shackelford et al. 2000; Egloffstein 2001; Jo et al. 2001; Vasko et al. 2001) . Consequently, higher quality bentonites are potentially more vulnerable to chemical attack than lower quality bentonites.
For example, Stern and Shackelford (1998) permeated compacted sand-clay mixtures containing 20% by dry weight of clay admixtures with both water and a 500 mM calcium chloride ͑CaCl 2 ͒ solution. The clay admixtures were comprised of various amounts of a bentonite with 77% montmorillonite content and a relatively inert attapulgite clay. They found that the hydraulic conductivity of the sand-clay mixtures to water decreased from ϳ8.0ϫ 10 −8 to ϳ 2.6ϫ 10 −8 cm/ s as the amount of a bentonite contained in the mixture increased from 5 to 10%, respectively. However, they also found that the hydraulic conductivity of the mixture to the 500 mM CaCl 2 solution increased from ϳ1.5 ϫ 10 −6 to ϳ 3.2ϫ 10 −6 cm/ s as the bentonite content in the mixture increased from 5 to 10%, respectively.
In contrast, Ashmawy et al. (2002) found the hydraulic conductivity of bentonite specimens from GCLs to be insensitive to the montmorillonite content for their tests performed with a leachate containing ϳ200 mM of divalent cations. However, this observation is based on the results of only two tests (two data points), and the influent and effluent from these tests were not analyzed to determine the extent of chemical equilibrium.
As a result of the aforementioned considerations, the objective of this study is to evaluate the difference in the hydraulic performance of two GCLs containing different qualities of bentonite with water and inorganic solutions containing a wide range of CaCl 2 concentrations. This objective is achieved by permeating specimens of both GCLs until chemical equilibrium between the influent and effluent is established. The results of this evaluation may have significant implications with respect to the use of a GCL containing bentonite with relatively high montmorillonite content to enhance hydraulic performance of GCLs used in waste containment applications.
Materials and Methods

Geosynthetic Clay Liners
Two GCLs are used in this study. Both GCLs consist of a layer of untreated sodium bentonite sandwiched between two polypropylene geotextiles, one woven and the other nonwoven, that are held together by needle-punched fibers. Both GCLs are ϳ6 mm thick in the air-dried condition, and the average gravimetric water contents of both bentonites are ϳ4%. The physical and chemical properties and the mineralogical compositions for the bentonite portions of the two GCLs are given in Table 1 . For simplicity, the GCL containing the bentonite with the higher montmorillonite content (i.e., 86%), higher plasticity index (i.e., 548%), and higher CEC (i.e., 93 meq/ 100 g) is referred to hereafter as the GCL with the higher quality bentonite (GCL-HQB), whereas the GCL containing the bentonite with the lower montmorillonite content (i.e., 77%), lower plasticity index (i.e., 393%), and lower CEC (i.e., 64 meq/ 100 g) is referred to hereafter as the GCL with the lower quality bentonite (GCL-LQB).
Particle-size distributions for the bentonite portions of the two GCLs determined using both hydrometer (wet) analyses and mechanical sieve analyses of the air-dried bentonites (ASTM D421, D422) are shown in Fig. 1 . As expected, the particle-size distributions based on the hydrometer (wet) analyses indicate that both bentonites are comprised primarily of clay-sized particles (i.e., Ͻ5 m) and classify as high plasticity clays (CH) according to the Unified Soil Classification System (USCS) (ASTM D2487). However, the particle-size distributions based on the mechanical sieve analyses indicate that both air-dried bentonites are granular in nature, existing as aggregates or clods of particles that are characteristic of poorly graded sands (SP) according to the USCS.
Permeant Liquids
The permeant liquids consist of tap water that is processed by passage through three Barnstead® ion exchange columns in series, and chemical solutions containing 5, 10, 20, 50, 100, and 500 mM CaCl 2 . The properties of these permeant liquids are given in Table 2 . Calcium chloride was chosen primarily because previous studies involving permeation of bentonite-based hydraulic barrier materials (e.g., GCLs and sand-bentonite mixtures) with CaCl 2 solutions have shown significant effects of these solutions on the hydraulic conductivity of these materials (Alther et al. 1985; Daniel et al. 1993; Shackelford 1994; Imamura et al. 1996; Gleason et al. 1997; James et al. 1997; Quaranta et al. 1997; Ruhl and Daniel 1997; Kolstad 2000; Lin and Benson 2000; Shackelford et al. 2000; Egloffstein 2001; Jo et al. 2001; Vasko et al. 2001; Shan and Lai 2002) .
The chemical solutions were prepared by dissolving CaCl 2 (powdered, Ͼ96% pure, Sigma-Aldrich Co., St. Louis, Mo.) in the processed water. Each solution was mixed in a 20 L carboy, and pH, electrical conductivity (EC), and solute concentrations of the influent liquids were monitored with time using a pH meter (Accumet® AB15 meter, Fisher Scientific Co., Pittsburgh, Pa.), an EC probe (Accumet® AB30 meter, Fisher Scientific Co., Pittsburgh, Pa.), an ion chromatograph (Dionex® 4000i IC Module, Dionex Co., Sunnyvale, Calif.) for chloride concentrations, and an inductively coupled plasma-atomic emission spectrometer (IRIS® Advantage/1000 ICAP Spectrometer, Thermo Jarrell Ash Co., Franklin, Mass.) for calcium concentrations, respectively.
Hydraulic Conductivity Tests
Specimens of the two GCLs with nominal diameters of 102 mm were permeated using the falling-head procedure and flexiblewall permeameters as described in ASTM D5084. Permeant interface devices or bladder accumulators were not necessary because none of the salt solutions used as permeant liquids are particularly hazardous. Specimens were trimmed and assembled in the permeameters using the procedure described by to prevent the possibility of short-circuiting through the geotextiles at the edge of the GCL specimens due to loss of bentonite and pinching of the geotextiles. The specimens were not prehydrated, but instead were initially exposed to the permeant liquid for at least 48 h by opening the influent port only (i.e., keeping effluent port closed). Backpressure was not used so that effluent could be conveniently collected for measurement of pH, EC, and solute concentrations. Effluent was collected by drainage into graduated cylinders that were sealed from evaporation with Parafilm®. The thickness of specimens was measured before, during, and after the hydraulic conductivity tests using a caliper, a cathetometer, and a ruler. The measured thickness at the start of permeation was used to estimate the pore volume for each specimen.
All the specimens were permeated at an average hydraulic gradient of 200 such that the average effective stresses at the bottom (inflow), middle, and top (outflow) of the specimens were 14.7 kPa ͑2.1 psi͒, 23.5 kPa ͑3.4 psi͒, and 32.3 kPa ͑4.7 psi͒, respectively. While this hydraulic gradient is higher than the maximum gradient (i.e., 30) stipulated in ASTM D5084 for soils with low hydraulic conductivity ͑Ͻ10 −7 cm/ s͒, hydraulic gradients ranging from 50 to 600 typically are used for measuring the hydraulic conductivity of GCLs (e.g., Shan and Daniel 1991; Daniel et al. 1993; Didier and Comeaga 1997; Petrov and Rowe 1997; Petrov et al. 1997a, b; Quaranta et al. 1997; Ruhl and Daniel 1997; Lin and Benson 2000; Shackelford et al. 2000) . As shown by Shackelford et al. (2000) , the hydraulic conductivity of GCLs is affected to a greater extent by average effective stress than by the magnitude of hydraulic gradient. For the tests involving water as the permeant liquid, the tests were continued well beyond the durations that would be required on the basis of the termination criteria specified in ASTM D5084, primarily because of the desire to evaluate the stability of the hydraulic conductivity of these specimens to water over a prolonged testing duration of ϳ2 years. However, since conformance to the termination criteria of ASTM D5084 is more likely in engineering practice for GCL specimens permeated with water, the hydraulic conductivity values corresponding to the termination criteria specified in ASTM D5084 were used for the purpose of Shackelford and Redmond (1995) . d Measured from a 1 g : 20 mL clay-water extract. e Electrical conductivity at 25°C.
comparison with the hydraulic conductivity values based on the tests performed using CaCl 2 solutions as permeant liquids. These termination criteria include: (1) at least four consecutive volumetric flow ratios of effluent relative to influent within 1.00± 0.25; and (2) at least four consecutive hydraulic conductivity ͑k͒ values within ±25% of the mean value for k ജ 1 ϫ 10 −8 cm/ s or within ±50% of the mean value for k Ͻ 1 ϫ 10 −8 cm/ s. For all tests involving CaCl 2 solutions as permeant liquids, the tests were not terminated before equilibrium in EC and solute concentrations between the influent and effluent were established (e.g., Daniel 1994; Shackelford et al. 1999 Shackelford et al. , 2000 and, in general, permeation was continued after such equilibrium had been established. Equilibrium in EC was considered established when the EC of the effluent was within ±10% of the influent EC in accordance with ASTM D6766, and equilibrium for both chloride ͑Cl − ͒ and calcium ͑Ca 2+ ͒ was considered established when the solute concentrations in the effluent were within ±10% of those in the source solutions. Equilibrium in pH also was initially considered as a termination criterion. However, even though the EC and solute concentrations of the influent solutions remained relatively constant during permeation, the pH of all influent solutions decreased slowly over time. For example, the pH of the 10 mM CaCl 2 solution decreased from ϳ6.6 to ϳ5.7 over a period of 1.7 years. This decrease in pH can be attributed, in part, to time-dependent dissolution of carbon dioxide ͑CO 2 ͒ from the atmosphere into the solutions (e.g., see Shackelford 1994) . As a result, equilibrium based on pH was not found to be particularly applicable in this study because the pH ratio (i.e., pH out /pH in ) never met the typical acceptable range (i.e., 1.00± 0.10) throughout the tests, except for the tests performed using the 500 mM CaCl 2 solution (see Figs.  3-8) . Also, this limited variation (i.e., ϳ5.9± 0.4) in influent pH probably had little, if any, effect on the measured hydraulic conductivity relative to the effects caused by the CaCl 2 solutions (Shackelford 1994; Ruhl and Daniel 1997; Shackelford et al. 2000; Jo et al. 2001; Shan and Lai 2002) . Therefore, pH equilibrium was not considered as a termination criterion in this study.
Because the tests using solutions containing lower CaCl 2 concentrations (i.e., 5, 10, and 20 mM) required extensive test durations ͑ജ4 months͒ to establish chemical equilibrium, these tests were not duplicated due to the limited number of permeameters available for testing. In addition, the tests performed with water as the permeant liquid also were not duplicated because of the prolonged durations for these tests. However, the tests using relatively high CaCl 2 concentrations (i.e., 50, 100, and 500 mM) were duplicated because the test durations were relatively short ͑Ͻ20 days͒, allowing for reuse of the test equipment in a timely manner.
Results
Permeation with Water
The results of the hydraulic conductivity tests for specimens of the two GCLs permeated with water are shown in Fig. 2 . The hydraulic conductivity for the specimen of the GCL with the lower quality bentonite (GCL-LQB) initially decreased to approximately 2.1ϫ 10 −9 after about 9 days of permeation corresponding to ϳ0.9 pore volume of flow (PVF), and subsequently increased slightly to ϳ2.4ϫ 10 −9 cm/ s when the termination requirements specified in ASTM D5084 were achieved, i.e., after ϳ16 days (ϳ1.3 PVF) of permeation. Thereafter, the hydraulic conductivity eventually increased only slightly to ϳ3.3 ϫ 10 −9 cm/ s after ϳ2 years (ϳ43 PVF) of permeation. In contrast, the hydraulic conductivity for the specimen of the GCL with the higher quality bentonite (GCL-HQB) initially decreased to ϳ2.5ϫ 10 −10 cm/ s after ϳ80 days (ϳ0.2 PVF) of permeation, and subsequently increased to ϳ7.0ϫ 10 −10 cm/ s when the termination requirements in ASTM D5084 were met, corresponding to ϳ209 days (ϳ3.0 PVF) of permeation. Thereafter, the hydraulic conductivity increased only slightly to ϳ9.5 ϫ 10 −10 cm/ s after ϳ2 years (ϳ16 PVF) of permeation. The reason for the slight increases in hydraulic conductivity values (i.e., ϳ1.4ϫ) for both GCLs after compliance with the termination criteria of ASTM D5084 is not known. However, the hydraulic conductivity values for both GCLs, whether corresponding to the termination criteria of ASTM D5084 or to the final measured values after ϳ2 years of permeation, are all within the reported range of hydraulic conductivity values for GCLs permeated with water of ϳ10 −10 to ϳ 10 −8 cm/ s (e.g., Daniel et al. 1997; Daniel 2000) .
Permeation with 5, 10, and 20 mM CaCl 2 Solutions
The results of the hydraulic conductivity tests for specimens of both GCLs permeated with 5, 10, and 20 mM CaCl 2 solutions are shown in Figs. 3-5 , respectively. The hydraulic conductivity values for all three specimens of GCL-LQB initially decreased to ϳ1.5ϫ 10 −9 cm/ s after ϳ1 month (Ͻ5 PVF) of permeation, but then began to increase within 6 months (Ͻ10 PVF) of permeation. Finally, at chemical equilibrium corresponding to ϳ1.4 years (ϳ57 PVF), ϳ1.1 years (ϳ31 PVF), and ϳ0.4 year (ϳ21 PVF) of permeation with 5, 10, and 20 mM CaCl 2 solutions, respectively, the hydraulic conductivity values for all three specimens of GCL-LQB had increased by approximately 5ϫ to a similar value of ϳ7.8ϫ 10 −9 cm/ s. The effluent Na + concentrations still were greater than 6.0 mg/ L at the end of the tests for all specimens of GCL-LQB permeated with 5, 10, and 20 mM CaCl 2 solutions.
Similarly, the hydraulic conductivity for the specimens of GCL-HQB permeated with 5, 10, and 20 mM CaCl 2 solutions initially decreased to slightly less than 1.0ϫ 10 −9 cm/ s after ϳ2 months (Ͻ5 PVF) of permeation, and then began to increase within 6 months (Ͻ10 PVF) of permeation. At chemical equilibrium, which occurred after ϳ2.6 years (ϳ58 PVF), ϳ1.4 years (ϳ60 PVF), and ϳ0.4 year (ϳ22 PVF) of permeation with 5, 10, and 20 mM CaCl 2 solutions, respectively, the hydraulic conductivity values for all three specimens of GCL-HQB had increased by more than 1 order of magnitude to a similar value of ϳ1.7 ϫ 10 −8 cm/ s. At the end of these tests, the effluent Na + concentrations for the specimens of GCL-HQB permeated with 5 and 10 mM CaCl 2 solutions were ϳ2.0 mg/ L, whereas the effluent Na + concentration was ϳ40 mg/ L for the specimen of GCL-HQB permeated with the 20 mM CaCl 2 solution.
Permeation with 50, 100, and 500 mM CaCl 2 Solutions
Results of the hydraulic conductivity tests for the specimens of both GCLs permeated with 50, 100, and 500 mM CaCl 2 solutions are shown in Figs. 6-8, respectively. For the specimens of GCL-LQB, the hydraulic conductivity values stabilized within 20 days (Ͻ10 PVF) of permeation at ϳ1.8ϫ 10 −8 , ϳ3.4ϫ 10 −7 , and ϳ1.5ϫ 10 −6 cm/ s for the tests performed with 50, 100, and 500 mM CaCl 2 solutions, respectively. Within the same time frame, chemical equilibrium also was established for all of the specimens of GCL-LQB permeated with 50, 100, and 500 mM CaCl 2 solutions. These hydraulic conductivity values for speci- Fig. 6 . Test results for specimens of two geosynthetic clay liners with either lower quality bentonite (GCL-LQB) or higher quality bentonite (GCL-HQB) permeated with 50 mM CaCl 2 solution mens of GCL-LQB permeated with 50, 100, and 500 mM CaCl 2 solutions are ϳ2ϫ, ϳ40ϫ, and ϳ200ϫ higher, respectively, than the hydraulic conductivity value of ϳ7.8ϫ 10 −9 cm/ s obtained for all of the specimens of GCL-LQB permeated with 5, 10, and 20 mM CaCl 2 solutions.
For the specimens of GCL-HQB permeated with 50, 100, and 500 mM CaCl 2 solutions, the hydraulic conductivity stabilized within 3 h (Ͻ20 PVF) of permeation, due to the significantly high hydraulic conductivity values (i.e., Ͼ1 ϫ 10 −6 cm/ s) maintained throughout these tests. In fact, the hydraulic conductivity values based on chemical equilibrium are ϳ4.1ϫ 10 −6 , ϳ3.5ϫ 10 −5 , and ϳ6.0ϫ 10 −5 cm/ s for specimens of GCL-HQB permeated with 50, 100, and 500 mM CaCl 2 solutions, respectively. These values of hydraulic conductivity are more than 2 orders of magnitude higher than the hydraulic conductivity of ϳ1.7ϫ 10 −8 cm/ s obtained for all specimens of GCL-HQB permeated with 5, 10, and 20 mM CaCl 2 solutions. The effluent Na + concentrations were ϳ10 mg/ L at the end of all the tests performed using specimens of both GCLs with 50, 100, and 500 mM CaCl 2 solutions.
Discussion
Effect of Bentonite Quality on Hydraulic Conductivity
The measured hydraulic conductivity values corresponding to the respective termination criteria (i.e., either the criteria in ASTM Fig. 7 . Test results for duplicate specimens of two geosynthetic clay liners with either lower quality bentonite (GCL-LQB) or higher quality bentonite (GCL-HQB) permeated with 100 mM CaCl 2 solution D5084 for permeation with water or chemical equilibrium for permeation with CaCl 2 solutions) are shown as a function of CaCl 2 concentration of the permeant liquid in Fig. 9 and are summarized in Table 3 . Since the measured Ca 2+ concentration for the water was below the method detection limit (MDL) of 0.02 mg/ L for Ca 2+ (EPA Method 200.7) based on ten independent measurements (see Table 2 ), the MDL is used to represent the Ca 2+ concentration of the water for cases where the CaCl 2 concentration is plotted on a logarithmic scale.
As shown in Fig. 9 , the hydraulic conductivity of GCL-HQB is ϳ3ϫ lower than the hydraulic conductivity of GCL-LQB based on permeation with water. This difference is expected since the swelling capacity of bentonite upon hydration with water increases with increasing montmorillonite content of the bentonite, resulting in a lower expected hydraulic conductivity based on permeation with water, i.e., provided all other GCL properties (e.g., bonding method and particle size of bentonite) are similar (e.g., Grim 1953; Mitchell 1993; Stern and Shackelford 1998; Shackelford et al. 2000) . However, permeation with CaCl 2 solutions results in an increase in hydraulic conductivity of both GCLs relative to that based on water, with greater increases in hydraulic conductivity occurring for GCL-HQB relative to GCL-LQB.
For example, the hydraulic conductivity for GCL-LQB increased by less than 1 order of magnitude ͑0.45ഛ log͑k / k w ͒ ഛ 0.92͒ for specimens permeated with solutions containing from Fig. 8 . Test results for duplicate specimens of two geosynthetic clay liners with either lower quality bentonite (GCL-LQB) or higher quality bentonite (GCL-HQB) permeated with 500 mM CaCl 2 solution 5 to 50 mM CaCl 2 , and from approximately 2 to 3 orders of magnitude ͑2.10ഛ log͑k / k w ͒ ഛ 2.88͒ for specimens permeated with solutions containing 100 and 500 mM CaCl 2 . In contrast, the hydraulic conductivity for GCL-HQB increased by almost 1.5 orders of magnitude ͑1.38ഛ log͑k / k w ͒ ഛ 1.40͒ for specimens permeated with solutions containing from 5 to 20 mM CaCl 2 , by nearly 4 orders of magnitude ͑3.71ഛ log͑k / k w ͒ ഛ 3.82͒ for specimens permeated with 50 mM CaCl 2 , and by almost 5 orders of magnitude ͑4.64ഛ log͑k / k w ͒ ഛ 4.95͒ for specimens permeated with solutions containing 100 and 500 mM CaCl 2 . As a result, significant increases in hydraulic conductivity corresponding to k / k w Ͼ 100 and k Ͼ 10 −7 cm/ s (i.e., greater than the maximum hydraulic conductivity typically allowed for waste containment liners) occurred when specimens of GCL-HQB were permeated with solutions containing ജ50 mM CaCl 2 , whereas the same increases in the hydraulic conductivity for specimens of GCL-LQB did not occur until the permeant solutions contained ജ100 mM CaCl 2 .
The difference in the hydraulic conductivity for the two GCLs is illustrated further in Fig. 10 , where the values for the ratio of the hydraulic conductivity for the specimens of GCL-HQB relative to the hydraulic conductivity for the specimens of GCL-LQB, or k HQB / k LQB , are plotted as a function of the CaCl 2 concentration of the permeant liquid. The decreasing trend in k HQB / k LQB with increasing CaCl 2 concentration for permeant solutions containing 50, 100, and 500 mM CaCl 2 results from the increase in k LQB with increasing CaCl 2 concentration previously noted (see Fig. 9 ). As shown in Fig. 10 , the hydraulic conductivity for GCL-HQB is only slightly higher than that for GCL-LQB (i.e., 2.0 ഛ k HQB / k LQB ഛ 2.6) for specimens permeated with solutions containing from 5 to 20 mM CaCl 2 . However, for specimens permeated with solutions containing from 50 to 500 mM CaCl 2 , the hydraulic conductivity for GCL-HQB is significantly higher than that for GCL-LQB (i.e., 40.5ഛ k HQB / k LQB ഛ 203).
Effect of Bentonite Quality on Equilibrium Time
As shown in Fig. 11 , the elapsed times and pore volumes of flow required for chemical equilibrium between the influent and effluent decreased with increasing CaCl 2 concentration of the permeant liquid for both GCLs. The elapsed times required to establish chemical equilibrium do not include the 48 h period prior to permeation in which the specimens were exposed to the permeant liquid but without permeation. Somewhat longer test durations would be expected in the case where the specimens are not exposed to the permeant liquid prior to permeation.
As the CaCl 2 concentration of the permeant liquid ranged from 5 to 500 mM, the test durations for GCL-HQB ranged from 934 days to about 1 min, and the test durations for GCL-LQB ranged from 501 days to about 30 min, respectively. The very short test durations for specimens of the GCLs permeated with solutions containing 100 and 500 mM CaCl 2 again can be attributed to a combination of the 48 h pre-permeation exposure period of the specimens to the permeant liquids and the greater susceptibility of the bentonites to chemical attack upon permeation with these higher salt concentrations.
Although both GCLs exhibit the same trend in terms of testing duration with increasing CaCl 2 concentration of the permeant liquid, the relative difference in test durations between the two GCLs is not consistent. For example, as shown in Fig. 11 , the time required to achieve chemical equilibrium for GCL-HQB was longer than that for GCL-LQB (i.e., t HQB / t LQB Ͼ 1) when the specimens were permeated with 5 or 10 mM CaCl 2 solutions, but shorter than that for GCL-LQB (i.e., t HQB / t LQB Ͻ 1) when the specimens were permeated with 50, 100, or 500 mM CaCl 2 solutions. However, similar elapsed times (i.e., t HQB / t LQB = 0.94) were required to establish chemical equilibrium for specimens of both GCLs when permeated with the 20 mM CaCl 2 solution (i.e., ϳ5 months).
Unlike the elapsed times to reach chemical equilibrium, the PVF required to reach chemical equilibrium appear to be less dependent on the quality of the bentonite for the GCLs used in this study. For example, ϳ60 and ϳ21 PVF were required to establish chemical equilibrium for specimens of both GCLs permeated with 5 and 20 mM CaCl 2 solutions, respectively. However, with some exceptions, specimens of GCL-HQB generally required from 1 to 10 more PVF to establish chemical equilibrium than did specimens of GCL-LQB for all the tests. Since increases in hydraulic conductivity of bentonite can be attributed to interactions between the permeant liquid and the bentonite resulting from the exchange of divalent cations (e.g., Ca 2+ ) in the permeant liquid for monovalent cations, primarily Na + , on the exchange complex of the bentonite (e.g., Shackelford 1994; Gleason et al. 1997; Ruhl and Daniel 1997; Stern and Shackelford 1998 ; Shack- Jo et al. 2001; Melchior 2002) , the PVF required to achieve chemical equilibrium between influent and effluent are likely to be greater for GCLs containing bentonite with relatively high montmorillonite contents (i.e., provided the masses of bentonite in GCLs are similar), due to the associated higher cation exchange capacity (CEC) of the GCL.
Summary and Conclusions
The difference between the hydraulic performances of two GCLs containing different qualities of bentonite is evaluated by permeation with water and CaCl 2 solutions. The GCL with the higher quality bentonite (GCL-HQB) is characterized by a greater content of sodium montmorillonite (86 versus 77%), a higher plasticity index (548 versus 393%), and a higher cation exchange capacity (64 versus 93 meq/ 100 g) relative to the GCL with the LQB. The hydraulic conductivity tests are performed using specimens of both GCLs that are permeated until chemical equilibrium between influent and effluent is established in terms of solute concentrations (i.e., C out / C in = 1.00± 0.10) and electrical conductivity, EC (i.e., EC out /EC in = 1.00± 0.10).
Based on permeation with water in accordance with the termination criteria in ASTM D5084, the hydraulic conductivity of GCL-HQB is ϳ3ϫ lower than the hydraulic conductivity of GCL-LQB. However, when specimens of both GCLs are permeated with the CaCl 2 solutions, the hydraulic conductivity increases as the CaCl 2 concentration of the permeant liquid increases for both GCL specimens. In addition, the hydraulic conductivity values for GCL-HQB based on permeation with the CaCl 2 solutions are always higher than those for GCL-LQB. For 88,613 a LQB= GCL with lower quality bentonite; HQB= GCL with higher quality bentonite. b H = thickness of specimen; t = elapsed time; k = hydraulic conductivity. c k / k w = ratio of k based on any solution to k based on water; k HQB / k LQB = ratio of k for GCL-HQB to k for GCL-LQB. d Based on average values. Fig. 10 . Ratio of hydraulic conductivity for geosynthetic clay liners with higher quality bentonite relative to that for geosynthetic clay liners with lower quality bentonite (MDL= method detection limit) example, the ratios of the hydraulic conductivity for GCL-HQB relative to that for GCL-LQB, or k HQB / k LQB , range from 2.0 to 2.6 for specimens permeated with 5, 10, and 20 mM CaCl 2 solutions, and are ϳ230, ϳ100, and ϳ40 for specimens permeated with 50, 100, and 500 mM CaCl 2 solutions, respectively. Thus, the GCL with the higher bentonite quality is more susceptible to chemical attack upon permeation with the CaCl 2 solutions than the GCL with the lower bentonite quality.
In terms of the elapsed time required to achieve chemical equilibrium, specimens of GCL-HQB permeated with 5 and 10 mM CaCl 2 solutions require longer test durations than do specimens of GCL-LQB, whereas shorter test durations are required for GCL-HQB relative to GCL-LQB for specimens permeated with 50, 100, and 500 mM CaCl 2 solutions. However, the PVFs required to achieve chemical equilibrium are less dependent on the bentonite quality for the GCLs used in this study, even though GCL-HQB generally requires more PVF (i.e., from 1 to 10) than does GCL-LQB. As a result, the quality of the bentonite in the GCL affects not only the hydraulic conductivity of the GCL, but also the time and PVF required to achieve chemical equilibrium. Fig. 11 . Elapsed times and pore volumes of flow required to achieve chemical equilibrium for specimens of two geosynthetic clay liners with either lower quality bentonite (GCL-LQB) or higher quality bentonite (GCL-HQB)
